Production of cloned and control mice 3
All experiments were conducted under the guidelines for the care and use of 4 laboratory animals, both the University of Hawaii Medical School and Graduate School of 5
Agricultural and Life Sciences, the University of Tokyo. Mice were cloned using cumulus 6 cells of adult females. Cumulus cell donors, B6C3F1 (C57BL/6 X C3H/He) females, were 7 individually injected into enucleated oocytes of B6D2F1 (C57BL/6 X DBA/2) as described 8 previously (Wakayama et al., 1998) . Ages of individuals of the first, second and third 9 generations of cloning (Groups A -C) at the time of testing are shown in Fig. 1 . Ages of 10 naturally bred hybrid mice (control group) tested are also shown in the same figure. 11 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 8 followed by electrophoresis in 5% polyacrylamide gel, which was transferred onto 1 Whatman paper, dried and exposed to X-ray film (Kodak XAR5, Eastman Kodak; 2 Rochester, NY). RLGS spots showing aberrant methylation were isolated by NotI trapper 3 method (Ohgane et al., 1998; Ohgane et al., 2002) and cloned into pBluescript II 4 (Stratagene, CA). Virtual image RLGS (Vi-RLGS) which simulates RLGS in silico was 5 performed as described elsewhere (Hattori et al., 2004a) . Mouse genome sequence 6 available in the GenBank ftp site (ftp://ftp.ncbi.nih.gov/genomes/M_musculus/) was 7 downloaded and processed with the combination of NotI-PvuII-PstI recognition sequences. 8
Clones with genomic loci showing aberrant methylation were predicted by matching 9
Vi-RLGS and the RLGS profiles of the mouse kidney. 10 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   9   RESULTS  1   2 Using RLGS, genome-wide DNA methylation status of kidney cells from newborn 3 (Group A), adult (8-11 months old, Group B) and aged (23-27 months old, Group C) cloned 4 mice (Fig 1) were compared with those of kidney cells from natural mating-derived 5 age-matched controls. Our previous RLGS study in placenta and skin revealed that 6 newborn cloned mice had aberrantly methylated genomic loci (Ohgane et al., 2001 , Table  7 3). In the present study, we used kidney. Because placenta is not available for adult mice 8 and it is difficult to extract applicable DNA to RLGS from adult skin. Approximately 1,500 9 spots were detected in RLGS profiles ( Fig. 2A) , indicating that corresponding genomic 10 DNAs are hypomethylated in mouse kidney cells. Vi-RLGS contains approximately 2,000 11 spots in the same field (Fig. 2B ). Since NotI digests only unmethylated recognition sites, 12 genomic loci with methylated NotI site were not detectable in the RLGS profile. About 500 13 genomic loci with methylated sites are expected to exist in kidney cells. As mentioned 14 above (in Introduction), RLGS has revealed that in the genome there are numerous 15 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   10 tissue-dependent and differentially methylated regions (T-DMRs) (Shiota et al., 2002 We found three RLGS spots (spot #1-3) different in newborn clones and 5 age-matched control mice ( Fig. 2A , Table 1 ). Spot #1 was undetectable in the two cloned 6 mice at birth (A1-1 and A1-2), whereas it was detectable in age-matched controls. In other 7 words, spot #1 was abnormally hypermethylated in these two clones. Spot #2 was detected 8 in two clones, but not in controls, indicating that genomic DNA corresponding to spot #2 is 9 commonly hypomethylated in clones. Spot #3, detectable in controls, was not detected in 10 one of the clones (A1-2). It was detected in another clone (A1-1). Thus, loci with aberrant 11 DNA methylation were detected in all newborn clones. Loci with aberrant DNA 12 methylation were, however, not identical among cloned individuals. This was consistent 13 with our previous report that all cloned newborn mice had aberrant DNA methylation 14 (Ohgane et al., 2001) . 15 In the RLGS profile of adult cloned mice of Group B, spot #4 was detected in 1 donor and control animals, whereas it was not detected in the first generation of clone 2 (B1-1) (Fig. 2C) , indicating that genomic DNA corresponding to spot #4 is 3 hypermethylated in the kidney of the first generation of cloned animal. 4
Spot cloning (Ohgane et al., 2002) or Vi-RLGS (Hattori et al., 2004a) were used to 5 identify the four loci mentioned above. Spots #1, #3 and #4 are in the coding regions of 6 genes Hcn2, 1110007FORik and 3110070M22Rik, respectively (Table 2) . No gene was 7 found close to the locus corresponding to the spot #2. The locus corresponding to the spot 8 #4 (3110070M22Rik) was not found in Vi-RLGS due to lack of the NotI site in the 9 C57BL/6 mice genome (Fig.3a) . 10
11
Aberrant DNA methylation status is not inherited by sequential cloning 12
In the second generation of cloned mice, one mouse (B2-1) showed 13 hypermethylation, whereas in another mouse (B2-2) the spot intensity was increased to 14 levels similar to those of the control. These suggest aberrant DNA methylation is not 15 Further study was performed to verify the locus (spot #4) identified by spot 2 cloning. Genomic structure, corresponding to spot #4, is represented in figure 3A and 3B. 3
The gene (3110070M22Rik) encoding mRNA AK005613, has an intron-less coding region 4 for a putative protein (BAB24151) with the translational starting site within a CpG island. 5
Southern blot analysis revealed that there was a specific 152 bp band in DNA preparations 6 of the kidney of cloned mice (B1-1, B2-1 and B2-2) and those of seven control mice (Fig.  7   3C ). Bands were less intense in clones (B1-1 and B2-1) than in controls, whereas a band of 8 another clone (B2-2) was similar to those of controls, confirming that genomic DNA in the 9 locus 3110070M22Rik was aberrantly hypermethylated in clones B1-1 and B2-1 (Fig. 2C ) 10 and that abnormalities in DNA methylation are not necessarily transmitted to descendants. 11
12

DNA methylation errors decrease with advancement of age of cloned animals 13
As already mentioned, all RLGS spots, estimated to be approximately 2,000 in 14 number according to Vi-RLGS, had same intensity in newborn clones and controls except 15 al., 2001; Ohgane et al., 2004; Shiota and Yanagimachi, 2002) . In two of three adults of 3 clone Group B, spot #4 was aberrantly methylated. Other 2,000 spots were the same in 4 clones (B1-1, B2-1 and B2-2) and controls (control 3 -6). It was quite unexpected that only 5 one aberrantly methylated genomic site was detected among 2,000 in the two of three adult 6 clones aged between 8 and 11 months. More surprisingly, RLGS profiles of the four 7 senescent cloned mice (23 and 27 months) in Group C (C1-1, C2-1, C2-2 and C3-1) were 8 completely identical with those of age-matched controls (control 7 -9)( Table 1) . These data 9 indicate that epigenetic errors disappear in clones with advancement of aging. 10 11 The previous study showed that in newborn cloned mice three of 2,000 spots 3 detected by RLGS were aberrantly methylated. Table 3 Age-dependent DNA hypermethylation was reported for the c-myc gene in the 10 spleen and liver of mice at 2, 14 and 26 months of age (Ono et al., 1989) . Hypermethylation 11 of ribosomal DNA in the sperm and liver of aged rats was discovered by genome-wide 12 analysis with RLGS (Oakes et al., 2003) . In the present study, we found one locus, Hcn2 13 (Table 1 and Table 2 , spot #1) being hypomethylated in newborn mice and hypermethylated 14 in both adult and aged mice. It is also possible that hypomethylation in newborn controls is 15 Wakayama and Yanagimachi, 1999; Tanaka et al., 2001; Tamashiro et al., 2002) . We 4 previously documented that placenta weight of newborn cloned mice correlated with DNA 5 methylation degree of Sall3 locus (Ohgane et al., 2004) . In the present study, the body and 6 placenta weighs of newborn cloned mouse A1-2, showing three aberrantly methylated loci 7 (Table 1) , are 2.04 and 0.33 grams, respectively. Both weights are greatly heavier than the 8 averages of those in normal newborns. The other newborn cloned mice (A1-1), showing 9 two aberrantly methylated loci (Table 2) , had slightly heavier body (1.71 grams) and 10 placenta (0.18 grams) weights than natural mating-derived mice. Since the number of mice 11 examined is too small, the relationship between the number of aberrantly methylated loci 12 and body and placenta overgrowths is still obscure. However, it is notable idea that health 13 condition of newborn clones depends on degree of abnormality in DNA methylation status, 14 leading to selection of cloned newborns with more complete methylation status for survival 15 consists of normal as well as abnormal cells (Kremenskoy et al., 2003) . Therefore, newborn 7 cloned animals with high incidence of aberrant DNA methylation have higher risks of 8 health problems than normal newborns. In conclusion, there are aberrantly methylated loci 9 in newborn and adult cloned mice. Interestingly, the number of aberrantly methylated loci 10 decreased with advancing age in cloned animals, suggesting the importance of proper 11 genome-wide DNA methylation status for longevity. 12 13 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 were generated by nuclear transfer of cumulus cells of B6C3F1 adult female mice. In 5 groups B and C, cloning was repeated using cumulus cells of the adult founder clones 6 (B1-1 and C1-1) as nucleus donors. In group C, the second generation clone (C2-2) was 7 used as the nucleus donor to produce the third clonal generation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w 13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
